The disposal of large amounts of waste from daily use polymers is among one of the foremost concerns in the current era. Effective utilization of bio-renewable materials procured from natural sources has been proposed as a potential solution to this problem. Among such different polymers, Poly lactic acid (PLA) which is a bio-degradable polymer, resembles quite promotable features, which can be polymerized from sustainable sources as chips sugarcane, starch and corn. Ring-opening polymerization (ROP) of Lactide (LA) monomer considering catalysts such as Al, Sn or Zn is one of the efficient methods for the PLA synthesis. However, the PLA polymerized through this type of catalysts may contain trace elements of the catalyst. Due to their carcinogenic nature, the traces of such catalysts should be (ideally) removed from the synthesis process. The use of alternative energy (AE-UV, Microwave) sources could be a potential route. Alternative development of non-metal catalysts is best alternatives for the processing of PLA through ROP. PLA layer based composite materials are gaining huge interest due to their multiple application (food, medical etc.) as eco-friendly material. In this article, we review on the implementation of AE sources for PLA processing and to populate the current state-of-the-art associated with the PLA research, especially application in nanocomposite materials field.
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Introduction Introduction Introduction Introduction
As a result of environmental awareness, the disposal of a huge quantity of polymer waste is seen as one of the prime concern in the present era. Therefore, the use of bio-renewable polymers procured from sustainable resources emerges as a promising solution to this rapidly rising waste problem. However, replacing traditional polymers derived from petroleum products with a bio-degradable polymer is not sufficient to overcome all the disadvantages of using petroleum based polymers. Large scale industrial production of biopolymers can introduce impurities into the finished product that can be toxic to the end user and harmful to the environment. For example, use of metal catalysts for obtaining desired biopolymers may lead to industrial scale output, but it also creates some serious health issues like carcinogenic effect [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . Hence, research exercise needed to be directed to eliminate the application of such catalysts during the reaction process.
Among several conventional biopolymers, PLA is one of most widely used and promising environmental friendly alternatives because the monomer of PLA-lactide (LA) is extracted from natural sources. For the synthesis of Poly (lactic acid) PLA, Ring-opening polymerization (ROP) is the most commonly used method. The state of the art techniques developed by Dubois et al., Witzke et al. and Yu et al. for the ROP of LA is based on the metallic and bimetallic catalysts (Sn, Zn, and Al) in suitable solvents [9] [10] [11] . However, as the metallic and bimetallic catalysts were established to be carcinogenic, there is an urgent need to explore suitable alternatives.
The conventional metallic catalysts typically used in the production of PLA are aluminium isopropoxide Al(OPr) 3 , zinc lactate (C6H10O6Zn), stannous octoate (Sn(Oct) 2 ) etc. The use of metalfree catalysts or some other non-metal source in place of the metallic catalysts makes the production process 'inefficient' as a result of the low activation capacity of non-metallic catalysts. The outputs obtained from such process at 30-40 kg/hr quite is well below to the industrial scale requirements for production. Basaran et al., Kamber et al. and Wang et al. etc . reported the use of organic/metal-free catalysts in the production of biopolymers [5] [6] [7] . Several other researchers also reported the usefulness of non-conventional catalysts such as enzyme base or carbene based [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] . In this work development, especially in the field of different alternatives to catalysts, implementation of AE source and several applications of PLA based nanocomposite material are highlighted.
ROP of Lactide and poly-condensation of Lactic acid for PLA synthesis
Based on the production rate and molecular weight, the two most efficient and common methods to produce PLA are ring opening polymerization and poly-condensation of lactic acid ( Figure 1 & Figure  2 ), re-printed with permission from Dubey et al. 2016 (IRJPAC) . In the literature, these two methods are mainly reported and investigated by several research groups. Among them, ROP of Lactide proposed as one of the most preferred and efficient ways to produce PLA [5] [6] [7] [8] [9] [10] [11] . In figure 2 the details of the transformation of lactic acid to Lactide and then to PLA is highlighted well in pictorial format. The direct poly-condensation of lactic acid to PLA found as a less efficient method as well involves several unnecessary side reactions. 
ROP Mechanism of Lactide
The mechanism of how initiator attack on the monomer are addressed by several researchers [14, 15] , [18] [19] [20] [21] [22] [23] [24] [25] [26] . The reaction involves the nucleophilic attack of monomer (Figure 3 "For the active species recognition, Kricheldorf et al. proposed that tin halogenides were actually converted into tin alkoxide and behave as real active species" [32] . Carothers has used the polycondensation approach to synthesise a polymer of low to intermediate molecular weight and is still currently being used [16] , [17] . Poly-condensation involves the use of solvent under temperature/ high vacuum to remove the water of condensation. Although it is most economic route; unfortunately in a solvent-free system, it is difficult to achieve high production rates (30-40 kg/hr). The utilization of alternative coupling agents/ esterification-promoting agents is generally needed to obtain a higher molecular weight, which increases the cost as well as complexity [30] [31] [32] [33] .
Another most preferable and best path to synthesise PLA is the use the utilization of ROP using appropriate metal catalysts in a proper solvent [32] . Favoured temperatures range from the PLA production is in the range of 180-200 o C [19] Catalysts like Sn(Oct) 2, Al(iOP) 3 and C 6 H 10 O 6 Zn have been investigated to improve the ROP reaction output [32] . Among many, stannous octoate (Sn(Oct) 2 ), was strongly supported by the U.S. Food and Drug Administration (UFDA), due to its ability to highly polymerise LA [34] .
Chronological Scientific research development in PLA synthesis field
PLA, as a biocompatible and biodegradable class of polymer, has garnered a lot of attention in past several decades and resulted to suffice the industrial scale production at different manufacturing units [35] , Corbion (Netherlands) [36] , etc. In fact, metal catalysts have been used to obtain PLA for decades. Dubois et al., in 1991 , introduced the reaction mechanism of synthesis of PLA using aluminium isopropoxide as a catalyst in a toluene solvent [37] through the Batch process. Witzke et al. also proposed reversible kinetics of L-LA by stannous octoate as a catalyst, which; incidentally leading to an adverse effect (toxicity, irritation) on human health [2, 38] . Jennifer et al. proposed that Sn(Oct) 2 that is frequently used during the PLA synthesis causes some health concerns [39] . Several reaction stages involved in the polymerization of LA lead to the formation of side products and impurities. The application of Sn (Oct) 2 or different metal-based catalyst has been reported to be hazardous and very toxic to the environment [8] .
Apart from the catalyst, the production cost and quality of commercial PLA is also dictated by the reaction time [8, 40] . The reported reaction completion time for ROP kinetics by Dubois et al. and others was several hours (50-100) [9] . Jacobsen et al. and Banu et al., using reactive extrusion for the polymerization of LA, proposed the detailed study of ROP process [2, 37] . They observed that in initial minutes, the conversion rate reached almost 95%, but if the process lasts longer, side reactions (like intermolecular trans-esterification and scission) can decrease the polymer molecular weight. In order to determine the average molecular weight and the monomer conversion along the extruder, Banu et al. reported their study on the usage of material flow as well as mixing employing the Ludovic® commercial simulator [37] . In the last decade or so, many researchers highlighted the possibility metal-free or organic catalysis for PLA synthesis. Use of energy sources including Implementation of microwave heat to the chemical reactions has gained intense attention during the past few decades. Due to features, like high efficiency, uniform heating and shorter reaction time; several chemical reactions, organic as well as inorganic, shows a noticeable increase in reaction process compared to the conventional methods of heat-irradiation like furnace chamber, LASER heating etc. due to microwave irradiation. [28] , [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] Microwave assisted ROP technology for LA is emerging as a new green viable technique to synthesise PLA due to its homogeneous heating along with high efficiency [43] [44] [45] [46] [47] [48] [49] [50] [51] , [69] . Liu et al. have initially reported on the microwave-irradiated polymerization of D,L-LA [45, 46] ).
The initial reaction mechanism of microwave-assisted synthesis of PLA is shown in Figure 4 For details in reaction procedure, a sample mixture of D,L-LA was prepared and mixed with Sn(Oct) 2 after that the reaction mixture was treated with three vacuum-argon cycles to remove the solvent. Subsequently, the reaction mixture was irradiated with power levels of 2.45 GHz through the microwave. The mixture was irradiated with a microwave, then cooled down in dichloromethane solvent and methanol was used during precipitation. A pulse of microwave energy has been implemented as irradiation source for the mixture for short times. Through studies, Liu et al. concluded that the rate of polymerization phase along with the chain propagation of PDLLA increased considerably with an increment in the microwave power [67] [68] .
Dubey et. al [71] also investigated in detail the reaction mechanism and suitability of microwave for the polymerization of Lactide through an extrusion process. In this work, demonstration of the initial experimental process and its application to the mathematical model was well described. The details reported can be considered as one of the bench-mark work to reveal the mechanism of ROP process through extrusion by validating the experimentally obtained data through mathematical simulation model. An ROP simulation model of LA was developed to investigate the effect of different parameters such as reaction kinetics along with AE source in the polymerization reaction. The effect
of microwave source in terms of thermal energy was well described. The application of a microwave source in the reaction process was found to demonstrate a progressive impact on the overall reaction. The details of the microwave block setup mounted on extruder are described in Figure 5 . Re-printed with permission from Dubey et al. 2016 (RSC-Advances).
Fig. 5. Microwave incorporation block into the Twin-screw Extruder (diagram reproduced by our own work)
Ultrasound/Ultrasonic facilitated ROP of Lactide
In the literature, the use of an Ultrasound energy source is reported in great detail for the degradation of a PLA chain [53] . Dubey el al. [70] also revealed the benefit of using ultrasound within the reaction process in great detail. The implementation of an ultrasound source highlighted the major benefits in the reaction process and reaction output, well-concluded by Dubey et al. Figure 6 [70]. The AE source was implemented during the mixing of materials before introducing it through feeding zone.
Sonification of lactide mixture with catalyst and co-catalysts shows a positive impact on the overall polymerization process of PLA synthesis. Before that, the detailed mathematical model has been developed to simulate the reaction mechanism. The results of the model were further implemented into large scale simulation software-Ludovic® which ran the simulation in the exact environment as during the actual extrusion reaction. The overall impact of the AE source is found to be affirmative for the synthesis of PLA using the reactive extrusion method. 
ROP of LA using continuous extrusion reaction
The use of purified LA is very significant for reactive extrusion polymerization. A mixture of D or L-LA, the catalytic system along with stabiliser is supplied continuously through material feeding unitnitrogen purged [5] . The specific design of the screw configuration significantly effects the mixing of PLA while mixing with other components; the degree of mixing has a significant impact on the polymerization reaction ( Figure 7 ). Re-printed with permission from Dubey et al. 2016 (IRJPAC). The reaction kinetic information for PLA formation in the extrusion reaction process by taking a combination of the metal catalysts and AE sources has also been revealed by Dubey et.al. [71] .
Following initial conditions were used: range temperature-(50-220)°C, AE source: (250-600)W and screw speed-(300-600)rpm. Polymers synthesised from biorenewable materials are being considered as potential alternatives to synthetic polymers because of their enormous advantages [57] . Since the pioneering work reported by Toyota Central Research Laboratories in the early 1990s [72] , various researches have been engaged on the topic of polymeric nanocomposites. Furthermore, the current technical developments have allowed the design and development of the new concept of functional nanocomposites. In fact, the usage of nanomaterials as reinforcement in polymers allow the production of multifunctional polymer composites combined with outstanding properties" [72] [73] [74] [75] , Basaran et al. reported an experimental technique detailing the synthesis and characterization of polylactide via the metal-free process [5] . Consideration of Montmorilloniate-K10 (OMt-K10) as organic filler and acid catalyst for polymerization of LA opens a suitable source of catalyst application to overcome impurities caused by metallic catalysts [5] . The work proposed the use of OMt-K10 filler both as the catalyst and inorganic filler to prepare the biopolymer nano-composite of PLA. OMt-K10 has a catalytic proton, which can act as an acid catalyst for the polymerization process of LA.
As mentioned earlier by several research groups, an increase in temperature during the polymerization process also initiates several side reactions which decrease the molecular weight of the resulting polymer [4, 33, 39,] . Basaran et al. also verified the effect of temperature and found that beyond 180°C, the reaction behaviour started changing and beyond a certain temperature range (180-200°C), the molecular weight started decreasing. Higher temperature like 185-190°C boosts unzipping as well as chain scission reactions which lead to the decrease in the molecular weight and thermal degradation [41, 42] . The application of nanotechnology in food science has recently attracted a lot of attention by several researchers. "The use of different kinds of nanomaterials, such as micelles, Nano emulsions, liposomes, bio polymer based nanoparticles, and cubosomes along with the development of M A N U S C R I P T
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nanosensors aimed at ensuring food safety, are some of the advanced and novel nano-food applications". [57] [58] [59] [60] [61] , [75] . Nanotechnology is also being used as an elementary constituent of food packaging [58] . The prime aim of this approach is to improve packaging performance against moisture, volatile barriers, gas, and ultraviolet radiations in addition to the increment in the mechanical properties.
"The association of NF and PLA can result in the enhancement in mechanical characteristics of material combination but may not fulfil all the demands for some speciality applications. Recently, it's been reported that combining NF with another or more NF [57] ", micro fillers [58] or polymers and/or using multifunctional NF could overcome the above-mentioned issue in the case of PLA-based materials. The material combination montmorillonite-layered silicate with PLA have the capability to incorporate excellent good barrier properties in the resulting nanocomposites that can be an ideal packaging material. The addition of montmorillonite-mk10 would enhance the modulus of PLA. However, the addition of the montmorillonite clay into PLA may result in the decrease in the toughness of the resulting PLA nanocomposites. Several other approaches also tried to enhance the balance of good mechanical strength for PLA nanocomposites experimentally. The market for common household consumable polymers including HIPP, PVC and PET along with biodegradable polymers has been approximately around 200,000 tons in 2005, of which 50% was PLA. The demand for industrial production of biodegradable polymers instead of conventional petrochemical polymers increases many folds due to the environmental (landfilled) issues related to the petrochemical-based polymers [2, 28] . Additionally, the incorporation of PLA based nanocomposites emerges as a huge area of interest and demand in medical applications. From common plastic bags to fruit packages, from automobile parts to medical surgery tools, PLA covers a vast range of applications [61] . According to Sven Jacobsen et al. America was found to produce 35 million tons of plastic waste in 1998, while on the other hand, the corresponding figure for Europe and Asia was found to 34 million tons and 25 million tons respectively [2, 26] .
Since 2009, the total amount of plastic waste due to post-consumer plastics, which is plastic that can be "recycled" to reuse the material out of which they are made thereby reducing the amount of waste going into landfills has been increasing in Europe, however since 2011, it has remained the same, at about 25.2 million tonnes (2012). 77% of total waste was generated by the following seven European countries: UK, Germany, Italy, France, Poland, Spain and the Netherlands while the rest originated from the remaining 22 countries [62] . Commercial use of PLA has come into prominence in the last two decades as a result of its biocompatible and biodegradable nature as well as extensive applications in the medical and clinical products [1, 7] . Lactic acids/Lactide-based polymers/plastics considered as a component used in the food-related application across the USA and covers 85% of the consumer product packaging [63] . The large production volume requires an economically viable manufacturing process. For large scale, the metal-free and degradable commercial production, the continuous polymerization of PLA seem to be an essential and efficient way of production [28] .
Based on quality and consumer requirements, several industrial processing methods such as reactive extrusion, injection moulding, injection stretch blow moulding, blown film, casting, thermoforming, foaming, fibre spinning, blending, batch process and compounding are employed to produce PLA [18, 19, 22] . In the modern age, due to the requirement of higher yield and cost effectiveness, PLA production is mostly based on the process of reactive extrusion through a twin-screw extruder [9, 34, 58,] . The details of industrial innovation for PLA lifecycle and application are shown in Figure 9 [73]. Re-printed from www.natureworks.com. In the last decade or so, several different reaction mechanisms were reported to detail the ring opening polymerization process in the literature of PLA synthesis (from monomer lactide). To explain the interdependence of different reaction parameters (e.g. catalyst amount, monomer concentration, temperature, solvent, rate constants etc.), reaction mechanisms were proposed by several groups though several mathematical equations [9, 11, 25, 40, 69, 70, 71,] . In general, different mathematical kinetic models have been proposed but their number, in comparison to experimental/empirical data, is significantly less. To validate the experimental based results theoretically, different groups considered different mathematical techniques: mathematical model for ROP of LA using tin-based catalyst. Boundary value estimation function was used''bvp4c'' using the MATLAB software [9] , [34] , [37] .
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• Yu. et al. Introduces the experimental as well as theoretical modelling work using Sn(Oct) 2 as a catalyst. The moment method was adopted to calculate estimators of the parameters [11, 64] .
• Dubey et al. have solved the rate kinetic equations involved in ROP process of PLA in the presence of the metal catalyst and AE source using MATLAB [69] .
• Dubey et al. introduce the reaction mechanism for PLA formation by using the metal catalyst with AE source in the continuous reactive extrusion process, [70, 71,] .
From initial studies, ROP process was proposed as a three-step reaction mechanism including initiation, propagation and termination. This reaction mechanism was well adopted by several research groups to begin their primary research activities. In 2007, Mehta et al. [40] proposed a detailed theoretical kinetic model of ROP of LA based on Dubois et al.'s [9] experimental work and results that were based on the use of aluminium isopropoxide as a catalyst. They formulated the reaction kinetics of ROP of PLA using different first order ordinary differential equations. The ROP of LA consists of three basic stages (eq. 1-3) classified as initiation, propagation, and termination [8] :
In these equations: I, M and P j stands for the initiator, monomer, and a polymer chain having length j while K 0 , K p and K t denote the initiation/ propagation/ termination rate constants.
In 2009 and 2011, Yu et al. proposed a model which is more accurate and scientific in terms of a number of reaction stages involved during the polymerization process. Through several experimental trials, they came up with a new reaction mechanism which is based on five stage reactions. Apart from initiation, propagation and termination, "Ester interchange" reactions, also called transesterification and non-radical random chain scission was additionally considered to the previously proposed reaction mechanism of Mehta et al. [64] . The proposed reaction scheme was described in more detail by Dubey et al. [70] A detailed model of L-LA polymerization at different temperatures involving the use of Sn (Oct) 2 and 1-dodecanol as a catalyst and co-catalyst respectively was developed [70] . The model considered the effect of inter and intramolecular transesterification reactions. The validation of the model was carried out by comparing with the experimental results at a dissimilar monomer to catalyst ratio along with catalyst to co-catalyst ratio. The random chain scission was reported to be responsible for the reduction in the molecular weight at high temperature. In this study, the overall average error of the model predictions at different reaction conditions in comparison to the experimental data has been found to be well below 5%. [70] M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT 7 
Conclusion Conclusion Conclusion Conclusion
Synthesis of PLA from LA monomers through ROP process using the metal catalyst is the standard industrial process as it leads to throughputs of up to 20kg/hr. Although PLA can affect eco-credentials issues, it can be toxic. The health and environmental hazards may emanate from traces of the metal catalyst that are left behind in the polymer after the polymerisation of PLA. In order to produce nontoxic PLA, the metal catalyst should be replaced with a metal-free catalyst or by using an AE source to diminish the role of a metal catalyst which appears in the final product. Several studies have explored this possibility; application of an AE source alongside a metal catalyst shows a positive impact on reaction output. On the other hand, a non-metal catalyst alone produced low conversion rates and PLA with low molecular weight. Additionally, the maximum throughput was about 2-3 kg/hr, much lower than the industrially sustainable/commercially approximate viable rate of 20kg/hr.
For the production of safer and cleaner PLA polymer and upscale the process from the lab to an industrial scale, further research including large-scale computational simulations will be required. Studies that highlights the combinations of experimental and theoretical investigation of PLA formation by implementing alternative energy and non-metal catalysts in the reaction is considered as an effective mechanism to follow.
The merger of nanomaterials and 100% bio-originated materials opens new avenues for green polymers with minimal environmental and health concerns. Detailing the basic chemistry of PLA blend nano-composites using computational chemistry simulation tools will also strengthen the basis of layered processing of PLA-polymer composites.
With the help of nanotechnology and environmentally safer processing routes, many of the weakness of PLA nanocomposites (compared to petrochemical-based polymers) will be negated. The authors believe that, in the near future, many petrochemical-based conventional polymers could be substituted with PLA for applications, particularly, in the nano-filler based cosmetics, the pharmaceutical industry and direct food contact packaging materials. • PLA is one of the most promising bio-compostable and bio-degradable thermoplastic made from renewable sources.
• This research work is an effort to emphasise the novelty, innovation, safety, effectivity and usefulness of catalytic synthesis, first of its kind to propose the safer and cleaner method to produce PLA. This article we review on implementation of AE sources for PLA processing and to establish the current state-of-the-art in the field of PLA application in nanocomposite materials field.
• To the best of the author's knowledge, there is a dearth of literature in the area of ROP of lactide by using an eco-friendly catalyst to produce safer and non-toxic PLA. This research work led to the opening of future possibility to produce PLA through more viable and safer method as well its application as nanocomposite material application.
